We discovered the THz-wave generation from the voltage applied optical switching device made on a magnetoresistive manganite Pr 0.7 Ca 0.3 MnO 3 excited by the femtosecond optical pulses. Its spectrum extends up to 1 THz centered at around 0.2 THz. The generation efficiency (η) linearly depends on both external stimulation. It is also shown that η strongly depends on temperature and the trend of η(T ) reverses sign across the charge-orbital and spin ordering temperatures, respectively. The first observation of the THzwave generation in this material having a perovskite structure opens a vast range of related materials for future optical devices. 75.30.Vn, 42.65.Re, 07.57.Hm Typeset using REVT E X 1
In recent years, a wide variety of generation methods to produce the THz-wave were developed using the photoconductive antenna fabricated on semiconductors [1, 2] . Lowtemperature grown GaAs (LT-GaAs) is widely used as the optical switching device owing to its fast carrier lifetime, good mobility, and high breakdown electric field [3] . The mechanism of the THz-wave generation in these materials can be understood in the following classical Maxwell's equation [3] [4] [5] [6] ,
where A is the excited area, ǫ the dielectric constant of material, c the light velocity, r the distance of the radiation field E, θ the angle of the bow-tie, J the current, σ the conductivity,
and V the applied voltage. Eq. (1) indicates that the transient current (a typical order of femtosecond) created by the ultra-fast optical pulses are accelerated by an electric field, which then generates the THz-wave and is propagated into the free space.
Another materials had potential useful characters as described above is a strong correlated electron system like transition metal oxides with a perovskite structure. On the contrary, in the case of semiconductors the underlying physics in these materials is quite different as a result of the strong electron-electron Coulomb repulsion, which leads to the breaking of the single-particle approximation. Especially, hole-doped manganites with general formula A 1−x B x MnO 3 (where A and B being rare-earth and alkaline-earth elements, respectively), have a rich variety of electronic and magnetic properties including colossal magnetoresistance phenomena [7] [8] [9] [10] .
Among them, Pr THz-wave generation and detection system is as follows. A mode-locked Ti:Sapphire laser operating at repetition rate of 82 MHz was used to generate the 80 femtosecond optical pulses at the wavelength of 800 nm (1.55 eV), which exceeds the charge-gap energy ∼ 0.5 eV and nearly corresponds to the charge transfer energy from O 2p to Mn 3d band [24] . The pump-pulse was mechanically chopped at 2 kHz. A femtosecond optical pulses were focused into 30 µm in diameter by an object lens on the gap of the bow-tie antenna. In order to enhance the collection efficiency of the THz-wave, we attached an MgO hemispherical lens To see the frequency profile, the time-domain waveforms for the applied voltage of ±15 V in Fig. 1(a) were Fourier transformed to the frequency-domain. The obtained amplitude spectrum is shown in Fig. 1(b) . It extends to ∼ 1 THz centered at around 0.2 THz. The dips due to the absorption around 0.1 and 0.18 THz are seen in the spectrum, but the origin of these structures is not clear at present. The oscillating structure arising from the effect of multiple reflections of MgO substrate is also seen.
To get the detailed characteristics of the THz-wave generation, we measured the propagated THz-wave as a function of the pump-pulse energy at the fixed applied voltage of ±15
V. The main peak amplitude was found to be a linear function of the pump-pulse energy as shown in Fig. 2(a) by solid squares. Solid lines in Fig. 2 show the least-squares fit of the data, assuming the linear response as a function of both external stimulation. We found that all the data depending on the polarity of the applied voltage, can be well described by the linear relation ∼ P/(1 + P ), where P is a normalized laser intensity at small pump-pulse energy region [3] [4] [5] [6] . This relation is well known to be the current surge model as the origin of the THz generation from semiconductors. The result of the main peak amplitude dependence of the applied voltage at the fixed pump-pulse energy of 122 mW is also encouraging in this picture; it was confirmed that the main peak amplitude linearly depends on the applied voltage [ Fig. 2(b) ].
These phenomena are not due to the local heating effect by the strong field caused by both the femtosecond optical pulses and the applied voltage, because the main peak amplitude of the THz-wave as a function of temperature changes around the electronic and magnetic transition temperatures as will be shown later. We also ruled out the possibility of the occurrence of the persistent insulator-metal transition due to the following reasons [18] [19] [20] [21] . First, we did not observe the threshold behavior which is a typical feature of the photo-induced transition as shown in Figs. 2(a) and (b) [25] . Second, more clearly, we did not detect the breakdown of the applied voltage during our measurements.
We point out that the area irradiated by the optical pulses transiently transforms to metallic paths. As shown in Fig. 1(a) for the case of the applied voltage of 32 V, the shape of the waveform around 34 ps reveres compared to the shape of the main peak; it has the down-convex shape, while the main peak has the up-convex one. Despite the similarity of the THz-wave generation characteristics in semiconductors, the classical picture based on eq. (1) seems incapable of explaining all our data as described below. Figure 3 shows the temperature dependence of the generation efficiency (η) defined as normalized the main peak amplitude at the applied voltage of 15 V and the pump-pulse energy of 100 mW at 23 K on heating runs. During heating process, the position of the sample moves due to the vibration of the cryostat. Therefore, we fixed a time-delay at the main peak in Fig. 1(a) and subsequently scanned the sample along the x and y direction at respective temperatures and the laser spot is tuned to the center of the gap between electrodes before experiments. As clearly seen, η shows strong and curious temperature dependence. The temperature variation of the absorption coefficient of this material is negligible at the center of the laser-wavelength used in the photoexcitation [24] . It tends to decrease as the temperature is increased around 120 K. At further increased temperatures, η monotonically increases up to 230 K. Even at room temperature, the THz-wave is clearly observed. These critical points are well related T CA , T N , and T CO/OO as previously reported values [11] . Moreover, the slope of η(T ) changes in reverse around these temperatures. The temperature dependence of η as followed that of σ is expected according to eq. (1), because the conventional picture of the THz-wave generation in semiconductors can be understand the first derivative of σ. Our sample used in this experiment shows the typical insulating behavior; it monotonically increases by four orders of magnitude from a low-temperature value to a room-temperature one and shows no clear correlation of the spin ordering as well as the charge-orbital ordering as shown in the inset of Fig. 3 . This behavior cannot be explained using eq. (1) alone, which implies that the electronic as well as magnetic properties can strongly affect characteristics of the THz-wave generation, another mechanism on the basis of eq. (1) may be needed to understand this temperature behavior. To the best of our knowledge, THz-wave generation from magnetic materials has so far not been observed.
Our results described here open the door for investigations and future ultra-fast optical devices using magnetoresistive manganites. For future demands in these optical functionality combined with other exotic properties, other materials with a perovskite structure may show these characters in addition to their extraordinary properties such as ferroelectricity and magnetism. Our spectrum described here in initial experiments is limited the frequency of the THz-wave up to 1 THz. Therefore, we will improve the antenna structure. Further experiments under a magnetic field are also interesting subjects. From viewpoints of studies of ultra-fast phenomena in manganites, characterizations of the THz-wave in the time-domain may be expected to give fruitful information in the underlying physics of manganites. ),*.LGDHWDO 
